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Summary: We implanted hum&n embryonic mesencephalic 
tissue into the sniamm of 13 patients with idiopathic Farkin- 
Bon*e difieaee (PD) and three patienifi ^^ith MPTP-induced par- 
kinsonism. Bailed on our liadJogs so far, as we]) as data trvm 
other groapfi, Che following conclusions can be drawn: First, 
grafted dopamine (DA) neurons con survive in the human par- 
kinsonian brain and reihnervaie part or the host siriaium. sec- 
ond, long-term gr^ fturvival, at least up lo ^ years after trans- 
plantation, is posslDie in PD despite a progressive degeneration 



of the palienl'fl own DA neurone. Third, a majority of patienia 
with surviving grafts show long-tenn improvement of thera- 
peutic value but the symptomatic relief i&. in most cases, in- 
complete. Prescndy, the most important research strategy to 
imiTiOve the funciiona] recovery after transplantation is to in- 
crease the survival of grafted DA neurone and the donaicy and 
extent of tne dopaminergic reinnervaiion in the suiatumu Key 
Words: Parkinson' 6 diseaiie — Tranfiplantation — Dopamine 
neurons — ^Fetat dssue^Positron emission tDroography. 



The strategy to restore fuqction in the damaged central 
nervous cyctem by cell replacement seems particularly 
suitable for Parkinson's disease (PD). First, the m^or 
pathology in this disorder is a selectiYe degcneratioD of 
the nigrovtriatal dopamine (DA) system, that is, of a 
Specific neuronal population within a restricted area of 
Che brain. This deficit should be more easy to correct by 
transplantation compared with, for example, the loiis of 

many different cell types which occurs in widespread 
aiea^ of the brain in Alzheimer* s disease. Second, studies 
in animal models of PD^*^ have fihown that grafted fetal 
DA neurons, taken from the ventral mesencephalon, can 
rcinncrvalc the dcncrvatod sixiaiuni, restore DA trans- 
mission, and reverse some of the motor and sensorimotor 
deficits in parkinsonian rodents and monkeys. Since the 
first clinical trials with neural grafting were initiated in 
1987, a total of more than 200 patients with PD world- 
wide have received implants of human fetal mesence- 
phalic tissue into the striatum. In this article, 1 analyze, 
primarily on the ba^is of our own findingc, what hat! been 
achieved in clinical trials and which are the most impor- 
tant research strategies to improve the funcdonal efficacy 
of neural transplantation. 



AdOfe^f correspondence and reprint requeKU^ lo OUc I^lndvajl at die 
Section of Restoriative Neurologyi Walluiberg Neuroscience Center. 
University Hospital S221 85 Lund. Sweden. 



RBSULTS IN CLINICAL TRIALS 

On the basis of the grafting studies in paucnts with PD 
reported bo far, it seems poeeibJe to draw the following 
conclusions: 

Grafted dopamine neurons can survive and grow in 
tha human parkinsonian brain. In almost all patients, this 
conclusion is based on the finding of increased striatal 
fluoix)dopa uptake alter rransplantatioD using PST. Three 
different reaoaroh groups have reported increased fluo- 
rodopa uptake compaxtd with preoperative scans in the 
grafted puxamen in a total of 17 patjencs.^"" In a group 
of six patients with unilateral transplants, we found a 
68% increase of fluorodopa uptake in the grafted puta- 
mcn at 8-12 months after transplaniadon compared with 
preoperatively, whereas the nongraftad putamen showed 
a 28% decrease OPig. 1). Although surviving dopamin^- 
glc grafts seemed to be the most likely explanation for 
the increased putaminal fluorodopa uptake, this was not 
definitely demonstrated until the recent histopathologic 
studies by Kordower and coworkers/^ " They showed, 
in a parkinsonian patient who died 1& months after trans- 
plantation surgery, that increased fluorodopa uptake on 
PBT was associated with graft survival and reinnervatlon 
of the host atnatum, and that no sprouting had occurred 
from the patient's own DA neurons. 

In contrast to putaminal implants, no clear-cut PBT 
evidence for survival of dopaminergic grafts in the can- 
dale has so far been obtained^*^^ CFig. 1). The reason is 
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STIG. 1. SufirtvBl of '-^''"'^ J'^^^ feom 4-7 donors was 

SLram snows Ihe pcnx.n. f»>^"»f J* j^.^^^ Slttol Siriaol 
wgioM .1 8-il.months sft» Xai. values te «a«l«««> 
nucleus ^c^'^.'^J^.T^ZTji^k^Xc^^ nucleus -as 
n'oi amfted. Daia frplO ^'."S'^^n of unilateral InLnBtriauJ dop«mi- 
S^gic grafts in Parlsi~on-» d"""*'- '^'T'' 



Lclear . bat it can noi be excluded ihat the conditions for 
jSniiival are more favoruble in P~ 

reauliin" from better vasculanzation, 
nofcn^d DurS- recenUy described -~psy fin j- 
-«„.Vnaoaticnc with PD ^ho had xebaived mtiaveniricu- 

S,.-^ran early ee^taSonal (5-^--^)^--"^""^^ 
At 23 mooais after grafting, thore «;«e no surviving JDA 
^^SX nurked overgrowth «>4"7-;^7^r /^^^ 
•was found. This adverse efffcct, 

fotul^Slcd srowth of Bn.ft tissue is -^ipbk 

JrZrently t»sed transpUmtaiUin procedures. In our 

■ S?es of pJticnu wUh irv^triatal fetal -«e-eph J= 
senes oi — jij^vei Shown increased fluo- 

Srexc^-pt the Risi OVO padcnt. (*«t is. ,n a total of 12 



. s-a.i 1.13 Similarly. Freeman ex al/° and Remy ct 

Stroyed by me disease process. In wo Pajea^ of oiv 
L^, who were transplanted ttnilawTally m the leti 
own scnea, wfto were itmBt'i fi,,n«ijioDa uptake in 
and right putamcn. Tcspecilvcly, the ^"^^^^"-.^ 
Z grafted puiamcn was sail high 6 Vef J^^^^^ 
/TMa 6-" However, ihere was also a fall of tracer up- 
Se ^Lgr^ striatal regions indicating deg«>eranon 
rtf the Dalieni's own DA neurons. 

,rT!Zi.al. In nine padent^ frot.. ^'^fff'SnS 
Sh groups, withdr^walof cycWspo^ at fr^l m^^^^ 
after transplantation did not interfere with f^^'^'y^^ 
2 «fiess.id 6 months lO 3 years later '^^'"B PEJ " Jis 

,r ,«t,««-'>-i2 '« However, it is not yei known it 
topaihoiogy. Howe^«. . , ^ 

.short-tenn immunosuppression is requi^ f^ft^^urvival 
vival In fact. aU patients who have aho-n graft survival 
on PET hSJ" received -^-^-^^^^^^t^" 
Snlpiantation and for at least 6 months ^^f^' 
Cr^ can Bive rise w lor^g-tcrm "^fj 

3 rSSSi^S and in one c.^^ widi 

Spatiiology, ^^;X'^'^^V^o^'^Z 
search groups in ft^s.Frs^^^ P ^^^,,^xy 

''"ii" natieatte observed improvements of clear 
LlSuS Jlucrn four coses, whereas O^e ctumgea i« 
Sents w^ modest'*. (Fig. 3). The evoluuon and 
Ta^^ ^fuactional recovc^ t'^trX:'^^! 

putamen implants but not in c^es P"^. " 
only Even if some positive effects were found, more 
TiisZe^ to clarify whether fetal ^o^^^a^ 
^ can improve dyskinesias and postural dysfunction 
in parWnsonian patients. 
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•me long-icni. functional effecls of neural iransplin- 

who was grafted in chc right P«^»«4!»- ' "^ ^^P^f- 
TnT«rars aficr traneplaatadon (Fig. 2A). "On-off' 

SfiCeixftTpostoperaiive year, Oicxc 
wJrSning of Jarldnsonlan symptoms. ev«» ^ P^«» 
stm ftgnificanay improve! compared W,* tos con- 



^,"5" nS'bS-S N"7,n»T, «.u,— 

ici;^^ c'iiL.. puu.»« 

grafts 85 illUJtraWCJ h. a lacreued dunwon of u 

poricn. «»J«\t.?JTh.rffl^ S^SCOrc »d time in 
T^J^'^^Lr.J^^^^a-^i^ mwe rapid performance of 

drown Oftcr ^^^1^,^^^^ SymplOfflS. (B) Pcfore 

mere w«« o modoraw woitemns 0' P/^"r'J'^^^ i- ^ puiameil. 

After inLnspbnpc^an, "p*^ '^^L,* „ornialia«d m 6 ycar». 
error bars itpi^scni ^"^^^^ Penning GK, 

hJcuroL J997;^2:95-107. 
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Changes after transplantauon W 

dose (ai U>e end of ^y^^^^^^f^^^ZT^^ 

and mco- for th* .nUf. croupjbaw) arc ^v'injor «cn^ ^ 
Rigmliy. r^nnW^^^ OK, Odin 

P, MoTTifih P. ei al. Short- .^\]"^^J^.^ Farkinson's di««i»o. Ann 
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didon prtoperattvely (Fig. 2A). Probebljn 
c«5 had led to a fonher degeneraiion of the paueni s 
Jliining DA neurons and perhaps aJ^othcr bmn pa. 
So^. whlch^ coun»racted the continuing .mprove- 
ment induced by the aaiUieral graft, ; 
^^e^evideice for a firaft-lnduced cffcc. on the hos. 
brain mefllated tbrougb rcsroratioo of dopaminerBic 
Son in the denervaied striatom. has been obuincd 
usiiie H,'«0-PET acdvadoa scans. In one of our pauents, 
whp showed marJced cllnleal ir^provement and increased 
Sudrodopa uptake in the grafted P"«^^n. ^« '*^""Vf 
S s^fold inc«aae of the 'n'>^*'°^""tt"1«;a7IJlI 
rCBF in the Rostral suppl™"'-^ 
(Mballos-BaWnn at al, to be publiihed). Similar ef- 
faou hava preyiously been observed after "^^T 'J^'l^ 
of ihe DA agonisi apomorphine lo «2* PD. 

0,^^nSne3lsge«S.atd«dopa^neF^^^ 
to a functional realferentatlon of the tpatral SMA. 

STRATEGHES TO DEVELOP 
TRANSFLANTATION THERAPY 

The demoiistraiion of survival and fbnction of grafted 
dapamiaergic naurona «p«senB an important step w- 
Sao.Jlantation therapy in FD. '^^^^J^* 
undcrscorwl that die symptomatic rel^f needs to be un- 
S "md we m«t become independent of a continuous 
Lply of large amounts of human ifetol tiaaoe before 
flS grafUng wiU become an aatablishad creabnent m 
?D TWO of *e mo« important re^saich strategies w 
putsoa in animal studies and clinical triaU wjl be d.s- 
ctJSsed in the following paragrapha. i 
, To increase dopamine Muron survival and remnerva- 
rhe Striatum. The survival of fetal neurons " 
low only 5-20% after grafting w^th available proce- 
d^a Senrfora. mesencephalic tissAe from 3^ fctus« 
aeads to be implanted per side to ,nduce a tnajot »nv 
provement In a patient,' which seyarely restricts the 
Snlcal ueaftilaass of neural graftipg. to ongomg 
patient series, we are supplying the, graft ^th the la^- 
Loid tlrilaiad. which inhibiia free .aduial processes. In 
X-id-ta on both rat and human DA neurons as wcU 
Ts inCvo- data with rai mescncqpbalic grafts show 
tio- to JSorfold increase of DA .jeuron survival with 

laiaroids."''^ \ . , ^ 

• In the clinical Stadiespcrforincdihua far. only part of 

ihe denervaicd striamm (mainly putkmen. often umlaier- 
aUy) has been reinnervaied. which |roay to some extent 
■ ^plahi the incomplete functional recovery. An»r^,ff- 
■^rimental data, as weU aa the histoJiatholoEic analysis m 
fa pSso;S>Vient.-- Show that the t«"nerv«jo„ 
'provided by a dopaminetglc graft »4 restricted and from 
^cach human liioplant, extends approximately 5-7 mm 



from the graft into the boat atriatum. Kbrdower et al. 
cadmated that the grafted dopaminergic neurons had re- 
SS^ated approximately 30-50% of the postcommis- 
Zr^Sncn in their padent. TTius. the reinnervauon « 
incomplete wid. present transplantation proccduree. lo 
iLease the volume of reimicrvation in the paumen and 
caudate nucleus, and to reach other areas also (for ex- 
ampTe. the ventral striatum], which most likely would 
lead to improved syropiomauc relief, tiie number of im- 
plants has to be increased or the axonal outgrowth must 

'^Afohire'^tiategy w increase DA neuron survival and 
axonS^ out^oW* in patients might be to admimster a 
SLphic fair, for example, brain-derived n""^^" 

factor (BDNF) or glial ceU ^^^"l^J'^^^JSl 
tor (ODNF). This idea is supported by receW anunal 
Sperimental data. Yurek and coworKers*' .mplanted ra 
fSl mesencephalic tissue into the PA-danervated rat 
Saa.m-.nd then infused BDNF close to the grj tg* 
weeks. Six weeks later, the area of dopaminergic fiber 

outgrowth from me graft was ^^^^^^^^ ^^fYnius^d 
BDNF-treated compared e 
groups. In a similar experiment. Rosenblad ei al. gave 
Satal ifljections S ODNF every t^ day durin^^ 
mc?St 3 wceka after grafting- The GDNF-treated «ts 
showed a more rapid functional recovery, and at 4 
weeks, both the nnmbcr of surviving DA neurons and die 
Sy of their fiber outgrowth were markedly higher 
compared with vehicle-injected control subjects- 

To use xenografis of f'*a\ dopi>min. 
problem with die need of large amounts of fetal mesen- 
cephalic tissue might possibly be solved by the use of 
xenografts, for example, from pigs. It t^e^JfeXr- 
8irat«l that intrasiriatal dopaminergic grafts of fe^alpor 
cine ventral mesencephalon can survive, fcumervate the 

denervated striatum, and reverse <*«'f;>^'»=«J ""J^"^ 
asymmetry in hemiparkinsoniaa rats." Re^ntly. Deacon 

Sported survival of grafted pig <*<?Pf'?J"^8^^ 
neurons in an Immunosuppressed P»»i«' P^,^?? 
died 7V4 months after transplantauon. A toisj of 638 
dopaminergic netirons were found at duee graft ax^ m 
dJputamen. This finding aupporta the «iea that xeno- 
. SXmight be useful in die clinical setting. However 

borfi the yield of aorvivmg pig dtjpaminergic neurons and 
their volume of reinnervation in the host atnafaim have to 
be markedly increased to make the xenograft approach 
comparable to that using human fetal neurons. 

CONCLUSIONS 
CUnical trials with neural transplantadoa have pro- 
VlOed good evidence that ffeial dopaminergic 
at leasf pardy, reatota striatal DA transmission In pauents 
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with' PD and give rise in iherapeuticajly valuable symp- 
tomatic relief. Most imporcantly, these findings indicate 
thai the basic principle to restore function by cell re- 
placement works also in the 50- to 60-year-old discasea 

human brain end in PD for at Jcoat 6 years. However, 
neural grafting, is sail an experimental' procedure. Re- 
search in mis field should aim, first, at increasing the 
fiinciional efficacy of the grafts and, second, at reducing 
the need for large amounts of human fetal tissue, povsi- 
bly by finding alternative sources of cells useful for 
transplantation/ 
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